Abstract: Visualizing the electromagnetic field transformation inside a microwave mode conversion region has been considered to be only realizable by simulation studies. For the first time, we present a comprehensive experimental observation of the electric field transformation occurring inside a metallic waveguide TE 01 -to-TE 02 mode converter. An efficient electro-optic (EO) probe and its associated probing system were used for measuring the electric field pattern in the external near-field region as well as in the internal and penetrated region of the mode converter. Utilizing the optically measured field patterns at the aperture of the mode converter, the conversion performance from the TE 01 mode to the TE 02 mode can be also evaluated. Experimentally measured field patterns near the apertures show excellent agreement with simulation data. The mode conversion to the next higher-order mode (TE 01 to TE 02 ) was experimentally demonstrated with phase-stabilized and field-animated post processing. The presented in situ endoscopic photonic measurement technique for the field evolution inside a semi-enclosed structure could be used for visually inspecting manufacturing errors in fabricated structures, and could be of great interest for research on higher-order mode formation and transmission.
Introduction
In research with high-power and coherent microwave radiation at millimeter-scale wavelengths, the delivery of the radiation field has been an important concern. Continuous power in the megawatt-and millimeter-wave ranges can be available from modern gyrotron sources [1] . Gyrotrons and their unique transmission systems are particularly crucial for applications like plasma heating for nuclear science or active denial systems for military applications. The transmission waveguides associated with gyrotrons are usually over-sized corrugated metallic structures that help to generate the higher-order modes for low-loss coupled-mode conversion [2] . High power RF system is used to accelerate the particle in accelerator system in which the RF wave is manipulated to be pulse-compressed, combined and transmitted in a waveguide to couple to a RF cavity [3, 4] . One has to do special care to prevent breakdown in the transmission line system and the RF cavity. Therefore, breakdown test and computer simulation is crucial to understand the structure although the experimental proof is often time very costly and the simulation has limitation in representing the experimental device.
However, the measurement of electric field patterns from radiation sources in the power transmission region becomes more challenging as the radiation frequency increases, thus the waveguide structure decreases accordingly [5] . Furthermore, mode conversion and transformation occurring at irregular geometrical shape are virtually impossible to monitor directly with a conventional metallic probe since the probe considerably disturbs the field pattern inside or in the vicinity of the aperture of the structure. Moreover, in higher-order modes it is nontrivial to identify the mode structure from the measured field pattern, which can be considerably altered as the field diverges rapidly toward free space and diffracts at the metal boundaries. Consequently, the measurement of the field pattern in the extreme nearfield region is necessary to verify the specific modes generated from higher-order mode generating structures or antennas. Therefore, a probe that causes less field perturbation and provides higher resolution in the near-field region is highly desired [6] [7] [8] [9] [10] .
Electro-optic (EO) sensing technologies have been increasingly promoted for sensing electric fields in a significantly less invasive way since EO crystals can be fairly transparent to both the optical and electromagnetic spectra of interest [11] [12] [13] . This property enables the probe to explore blind zones of near-electric field distributions of radio frequency radiators [9] . Because of its non-metallic composition and its small size, we propose the EO probe for the investigation of higher-order mode electric fields at the very near the aperture of the radiator (or mode converter). Furthermore, we have adapted the EO probe to monitor the field variations farther inside the radiation structure, which has not been possible with existing technologies. EO probing allows the monitoring of complex field patterns with high resolution and accuracy and can help the understanding of mode conversion phenomena. It can be an excellent tool for the inspection of structural defects by direct observation with electromagnetic (EM) waves; this can bring new insights to the microwave community, which requires precise EM-propagation prediction without disturbing the original pattern. In this paper, we present a comparison study between field pattern data simulated with the commercial code CST Microwave Studio TM (CSTMWS TM ) and experimental results [14] . First, the electrical and photonic probes, including the overall sensing system, are compared. Subsequently, the characteristics of the mode converter and its two distinct TE 01 /TE 02 mode patterns, as well as the field evolution between the modes throughout the converter, will be presented. Finally, the suitability of the EO-probe system for measuring the higher-order mode patterns will be discussed. Figure 1 shows the two different probes that were employed in the experiment: an EO probe and a commercial WR28 open-ended waveguide probe. The EO probe consists of an optical fiber, a dielectric support, a glass ferrule, and an EO crystal LiTaO 3 (1.5 mm x 1.5 mm x 0.5 mm). The detailed physical parameters, including the operation principle, of the probe can be found in our previous work [7, 8] . The WR28 open-ended waveguide probe was adapted for Ka-band (26.5-40 GHz) operation. Its cutoff frequency for the TE 01 mode was 21.08 GHz, which was determined by the fixed dimensions of the waveguide aperture (7.11 mm x 3.56 mm). As shown in Fig. 1 , the waveguide probe was significantly bulkier than the EO probe. Because of its compact size and minute sensing area, owing to the fiber-coupled scheme, the EO probe guarantees superior spatial resolution in comparison with the commercial WR28 open-ended waveguide. Moreover, the EO probe causes less field distortion than the metallic waveguide because it consists entirely of dielectrics, which are virtually transparent to the electromagnetic waves of interest [5, 15] . The EO-probe system was used to scan the electric fields not only for the analysis of the field patterns but also for the examination of the field evolution inside the mode converter. The measurements provided insight into the processes inside the mode converter structure and allowed the analysis of the electric field conversion in the corrugated geometry of the mode converter. Waveguides with corrugated geometry are widely used when high-power and low-loss transmission at the millimeter-wavelength regime becomes a paramount concern. Modern gyrotrons are able to generate up to megawatt-scale power in millimeter-scale wavelengths and the RF source for accelerator system generates even higher power level. Oversized waveguides are generally preferred for the delivery of such power in order to weaken the field intensity within the waveguides. However, oversizing breaks the single-mode condition and consequently higher-order modes emerge. These modes are usually orthogonal for straight waveguides and thus multiple modes can co-exist independently. As waveguides contain discontinuities, the orthogonality of the modes degrades and they begin to interact. The interaction between modes is determined by the shape, depth, period, and number of discontinuities and the coupling effect can be controlled depending on the periodic structure of the discontinuity. The modes can periodically transfer their energy and, by optimizing the corrugated structure, the energy exchange between modes can be maximized. This scheme enables high power to be effectively delivered with smaller risk of failure. We designed an efficient TE 01 -to-TE 02 mode converter operating at 28 GHz. The optimally corrugated radius λ are the original radius, maximum radius of the corrugation, and beat wavelength, respectively. With no insertion and no wall loss condition, the conversion efficiency exceeds 92% when the number of periods (N) is 3, which corresponds to a mode converter length (l) 186 mm. The fabricated TE 01 -to-TE 02 mode converter, connected with the TE 01 mode generator and the tapered section, is shown in Fig. 2 . Each part affects the overall quality of the final TE 02 mode pattern [16] . Experiments were performed to measure the extreme near-field pattern at the input and output sides of the converter aperture and the complete mode transformation inside the mode converter. The position of the EO probe was controlled by a programmable xy-z translation stage for measuring field patterns at various regions. In Fig. 3 , the yellow structure represents the cross-sectional profile of the mode converter with the corrugated shape. The gray line denotes the optical-fiber path whereas the solid (or dashed) black line is the electrical (or synchronization) path. The IF synthesizer had an internal 10-MHz Rb clock that was used as a reference for all the interconnected synthesizers. The mode converter signal at 28 GHz was down-converted to a 0.3-MHz IF signal, which was subsequently decomposed into complex vector components. The magnitudes and phases of high-frequency vector signals (such as Ka-band) usually fluctuate and drift during lengthy scanning procedures. To correct the data for the phase and amplitude variations, we gathered these information at a vector voltmeter and send them to computer interface [17] . Special consideration was given to the following key factors of the experimental configuration of Fig.  3 : the probe's length, the scan dimensions, the absence of any metallic component, and the mechanical balance of the device under test (DUT). Throughout this experiment, the dynamic field variation inside the mode converter could be monitored, allowing the analysis of the mode conversion area. Figure 4 shows the experimental setup and the two different measurement layouts with the EO probe. The sensing scheme in Fig. 4(a) was used to measure two orthogonal TE 01 and TE 02 mode patterns in the x-y plane near the aperture of the converter. The configuration of Fig. 4(b) was implemented to measure the hybrid TE 01 -TE 02 mode in both x-y and x-z planes inside the converter. The EO probe was fabricated from x-cut LiTaO 3 wafer, which is positive uniaxial along the extraordinary refractive index (n e ). When an electric field is applied along the axis of n e , this high electro-optic index is modified according to the field, and thus the laser polarization also becomes modulated. This means that the probe is sensitive to electric fields which are oriented in the same direction to the n e axis (or optic-axis). We can utilize this feature to experimentally decompose two orthogonal field components and convert them to the radial field pattern. Fig. 5 (e) may result from a non-ideal TE 01 mode pattern, originating from the low quality of the TE 01 mode generator section that was purchased from a commercial supplier. In Fig. 5(i) , the TE 01 mode pattern from a Vector Network Analyzer (VNA) system shows asymmetric field distribution and lower-quality patterns than the EO probe mode patterns; this is due to reflected and scattered electric fields from the metallic open-ended waveguide and the tapered section's aperture. We also observed the same phenomenon in the TE 02 mode pattern from the VNA data, as will be discussed in the next section. (i) are experimentally measured TE 02 mode field patterns using the EO probe and the VNA, respectively. Each data set was acquired with every 0.025 wavelength of 28 GHz. Each E x and E y field in the EO-probe data was measured by simply turning the probe by 90 degrees. The cross-polarization feature of the probe exceeded 30 dB of the probe's dynamic range. Thus, we could superimpose the orthogonal fields to obtain the genuine radial patterns, as in Fig. 6(f) . The experimentally measured field patterns are in excellent agreement with the simulation results; however, a mildly asymmetric field pattern was observed in the crosspolarization field results of Fig. 6(e) , which originated from the low quality of the TE 01 mode generator section, as previously discussed. As shown in Fig. 6 , the EO-probe data show excellent sensing performance in the near-field. We defined a cross correlation function (CCF) to quantify the agreement between measurement and simulation as follows [14] . η to be 83.8% and 87%, respectively. During the RF signal transmission, an energy loss of −0.076 -−0.06dB resulted from insertion loss and wall loss. To investigate the dynamical behavior of the mode transformation endoscopically, the EO probe was inserted in the TE 01 -to-TE 02 mode converter section to measure the fields. Figure 7 (a) displays a cut-away view (x-z plane) of the scan of the mode converter section performed with a range of 24 mm x 179.75 mm. Due to the corrugated shape of the inner structure of the mode converter in the radial direction, the measurement plane was limited to the smallest inner radius, as shown in Fig. 7(a) . We set the probe read one data point a second. This scanning speed was determined by considering the time constant of the lock-in amplifier and the time for the scanner position to settle from minute and transient vibrations of the probe. The scan image in Fig. 7(b) was composed of ~15500 data points with 0.05 λ spatial separation, which corresponds to approximately a 260-min-long scan. The field evolution can be categorized into the four zones indicated in Figs. 7(b) and 7(c). Figures 7(d) and 7(e) are phase information of the electric field inside the mode converter. The first zone (Zone I) is a pure TE 01 mode and Zone II is the section of actual mode conversion. Zone III simultaneously purifies and intensifies the TE 02 mode and the last zone (Zone IV) is a freespace propagation region. The asymmetry in the field intensity was again confirmed, especially in Zones II and III. The movie files contain a visual representation of the experimentally measured field propagation in the time domain inside the metallic mode converter by combining the measured amplitude and phase information; this is the first visualization of a minimally invasive endoscopic observation of the dynamical changes occurring during field formation. The field pattern in Fig. 7(b) illustrates the opposite phase information across the z axis. At the beginning and the end of the mode conversion zone (Zone II), we detected two prominent discontinuous field patterns that were not displayed in the simulation of Fig. 7(c) . We also observed local discrepancies between measurement and simulation in the x-y planes. The axial positions (z direction) of these unexpected field patterns were located from z = 81 mm to 83 mm and from 148 mm to 150 mm. Zone II is the critical region, where the mode radial number actually increases from 1 to 2; therefore, a slight variation in the axial position of the measurement plane may affect the result. In order to understand the discontinuity and the asymmetric field patterns observed in the experiment, we performed simulation studies. First of all, we verified that the EO probe does not cause the local field perturbation from the simulations. Secondly, in real situation, at Zone I, non-ideal TE 01 was introduced into the mode converter as shown in Fig. 5(f) and its mode purity obtained by EO probe system was 98.2%. Likewise, we artificially input the TE 01 mode having 99.5% mode purity as shown in Fig. 8 and applied the asymmetric mode converter geometry in CSTMWS TM for inspecting reasons of irregular field pattern shown in experimental data in Figs. 5-7. . From these results, we can conclude a combined error source from non-ideal TE 01 mode at the first place and fabrication imperfection could lead to the overall field distortion in the y direction.
Experiment setup

Field measurement results and discussion
Although some discrepancy has been observed between simulation and experiment in the critical field-transforming zone, the endoscopic EO probing has been demonstrated to be suitable for the measurement of complex and dynamical field transformations.
Conclusions
We have demonstrated that highly complex mode patterns inside a waveguide can be characterized by minimally invasive photonic technology. The TE 02 mode pattern was investigated at ~1 mm (0.1 λ ) away from the aperture of a microwave mode converter and in its interior. This is the first time that an EO probe has been used to measure the internal mode patterns not only in the vicinity but also quite below the aperture of the structure. Excellent experimental results have been obtained using the EO field probe and the correlation between measured and simulated data was as good as 96.1%. Additionally, we have presented the first visualization of the mode conversion process occurring inside the higher-order mode converter. The proposed method may constitute a very promising approach to measuring higher-order mode formation more accurately and less invasively. The technique can find useful applications in the monitoring of manufacturing faults in delicate structures, such as a higher-order mode cavities, high performance antennas, mode transitions, and power combiners, by directly observing the electromagnetic wave transmission/conversion. The
